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INTRODUCTION

Erosion of embankment material during an overtopping event is one of the major
mechanisms of failure for earthfill dams. The ability to analyze the progression of overtopping
failure can prove useful in assessing the breakthrough risk of the dam, which involves
understanding the behavior of the material that the dam is comprised of. While there have been
studies on the behavior of smaller-grained materials such as clays and sands (e.g. Hahn et al
2000; Coleman et al. 2002; Hanson et al. 2005; Hanson et al. 2011), few have focused on
erosion of larger-grained rockfill embankments.
This paper presents the erosion progression analysis for a rockfill embankment dam with
80% (1.25H:1V) downstream slope and a protective upstream concrete face. The analysis is
broken down into evaluation of various empirical relationships and erosion progression
mechanisms to develop the most representative erosion progression model. Following this
evaluation, failure of the dam was analyzed both deterministically and probabilistically.
2 DAM DESCRIPTION
The dam studied for this analysis is a rockfill embankment dam with an upstream concrete
slab installed to limit seepage through the rockfill. It is a 17-ft (5.1 m) high embankment, with
a 1.5-ft (0.5 m) high parapet wall added to the upstream concrete face to mitigate the potential
overtopping hazard, bringing the total effective height of the dam to 18.5 ft (5.6 m) (Figure 1).
The downstream slope is relatively steep for rockfill (80%).
The focus of the current analysis is to evaluate progression of erosion within the
embankment rockfill material throughout the course of a dam overtopping event. Criteria for
the collapse of the concrete lining was based on the degree of exposure of the downstream face
of the slab. Erosion of the rockfill material from the embankment can result in exposure of the
upstream concrete slab of the dam. Without the support of the rockfill material, the hydrostatic
pressure from the water in the reservoir can cause the upper portion of the concrete slab to
break. Collapse of the concrete slab would result in an uncontrolled release from the reservoir
and exacerbate erosion of the remaining rockfill, likely leading to further breakage of the lower
portions of the concrete slab until a full breach has occurred.
Inflow and outflow stage hydrographs utilized in the dam overtopping assessment were
provided for two different types of storms: local and general. Local storms are overall shorter
in duration and tend to arise and dissipate more quickly over a smaller area within the
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watershed. General storms can be significantly longer in duration and cover a larger area,
potentially across multiple watersheds, which leads to longer durations of overtopping. For the
overtopping analysis, a total of 24 ‘characteristic’ hydrographs were used. For both the local
and general storms, three different storm duration exceedance probabilities were tested (90%,
50%, and 10%) for each of the four different overtopping heights (0-2”or 0-0.8 cm, 2-4” or 0.81.6 cm, 5-7” or 2-2.8 cm, 11-13” or 4.3-5.1 cm). This resulted in a total of 24 hydrographs used
in this analysis. It should be noted that each of the provided hydrographs accounts for debris
blockage of the spillway, which results in overtopping of the dam at lower storm return periods
and for longer durations than in the case of an unblocked spillway.

Figure 1. Typical section of the earthfill dam.

3 EROSION PROGRESSION ANALYSIS
Erosion of the rockfill embankment over the duration of an overtopping event was analyzed
to determine the degree of erosion and the time to failure (i.e., the time to initial collapse of the
upstream concrete lining). Analyses were performed both deterministically (using best
estimates of input parameters) and probabilistically (to capture variability within input
parameters).
3.1 Erosion mechanics
Evaluation of rockfill erodibility presents several challenges due to limited data on erosion
for rockfill dams and materials (U.S. Bureau of Reclamation [USBR] 2014). This can be
attributed to relatively larger rockfill particle sizes that limit ability to test these materials in
laboratory settings (versus, e.g., clayey materials).
Although rockfill can have a broad range of material properties, it is generally considered to
be cohesionless with a relatively small fines content. Cohesionless materials rely mainly on
friction between grains to resist erosion and therefore tend to be dominated by surficial erosion
processes that result in a general lowering of the channel bed when subject to flow. This
contrasts the erosion of cohesive materials where interparticle forces can create over-steepened
localized drops in the channel bed that result in formation of head-cuts that migrate upstream.
Historically, embankment breach models and testing have focused on erosion of cohesive
materials. Accordingly, most studies that address rockfill erosion simulate its behavior using
these head-cut based models with differing results (e.g. Xu & Zhang 2009; USBR 2014).
Whether cohesive or cohesionless, most of the embankment erosion models used the excess
stress equation (Equation 1) to characterize the erodibility of soil materials (Hanson et al. 2011).
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ε = k d ⋅(τ − τc )a

(1)

where ε represents the erosion rate (ft/s), kd represents a detachment rate (ft3/(lb-s)), τ is the flow
erosive capacity represented by the boundary shear stress (lb/ft2), τc is the material erosion
resistance represented by the critical shear stress required to initiate erosion of material (lb/ft2),
and a is an empirical exponent (commonly assumed around equal to 1).
The detachment rate is a representation of the rate at which a material will erode once the
critical shear stress (τc) is exceeded (Equation 1). Briaud (2008) and Hanson & Simon (2001)
have suggested classification categories for kd based on experience from testing finer grained
soils. Results from experiments with finer grained soils have been extrapolated to larger, more
resistant materials (e.g., rockfill, riprap or rock) but with limited data (Figure 2). Based on
several rockfill dam failure case studies, Xu & Zhang (2009) found that a classification of low
to medium erodibility (using Briaud 2008) resulted in the best estimates for the time of breach
formation. Later, in a similar, but more comprehensive study, the USBR (2014) concluded that
a classification of medium to high erodibility provided a better fit to dam failure case studies.
Accordingly, for this analysis, the upper bound of the low erodibility classification (~0.01 ft3/lbhr or ~6.4e-5 m3/N-hr) to the lower bound of the high erodibility classification (~0.5 ft3/lb-hr
or ~3.2e-3 m3/N-hr) was used as a representative range for kd (Figure 2).

Figure 2. Erodibility index ranges for erodibility classifications. From USBR (2014).

The exponent for the excess shear stress in Equation 1 is typically assumed to be equal to 1
for simplicity. Chen and Anderson (1986), however, performed laboratory experiments to
evaluate the excess shear stress equation for different embankment materials and found that an
exponent value of 1.3 better fit their experimental data for cohesionless sand or gravel materials.
Furthermore, common sediment transport equations (e.g., Meyer-Peter & Müller 1948) use
shear stress with an exponent of 1.5. Accordingly, for this analysis, a range for the exponent a
was set between 1.0 and 1.5.
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3.2 Critical shear stress (erosion threshold)
The critical shear stress represents the onset of erosion of the rockfill embankment subject
to overtopping flow and is a function of the material properties. Studies into critical shear stress
of rockfill are limited, with some guidance being provided by research on riprap stability (e.g.
Abt & Johnson 1991; Frizell et al. 1998; Robinson et al. 1998). These studies have generally
focused on shallower slopes than the dam studied (up to 50%, compared to 80% for the dam
studied), and for an effectively uniformly-graded material. As a result, there was no available
equation that would directly apply to the steep embankment geometry and non-uniform rock
gradation at the dam of interest. Accordingly, several equations were compared, including
riprap design and sediment transport equations.
Several methods were considered to evaluate the rockfill critical shear stress. Each method
is discussed and compared below. The equations presented are given in the units that they were
created in and, if needed, were converted to U.S. customary units for use in the current analysis.
3.2.1 Rousar equation
The Shields equation (1936) is the most commonly used relationship for incipient motion of
cohesionless materials, with the critical shear stress expressed as a function of the representative
grain diameter (typically D50). Tests performed by Shields were conducted on relatively shallow
channel slopes in the order of 1% (α ~ 0.6˚) where the downslope component of the gravitational
force acting on the grains is small. However, at steeper slope angles like the downstream face
at the dam studied, the gravitational force becomes increasingly more significant. Rousar, et al.
(2016) provides this correction, which also incorporates the friction angle of the material.
τc = θc ⋅Cs ⋅g⋅D50 ⋅(ρs -ρw )⋅

tan ϕ ⋅ sin(ϕ-α)
sin ϕ

(2)

where τc is the critical shear stress (N/m2), Cs is a stability coefficient = 0.8 for this analysis, θc
is the critical Shields parameter ~ 0.06 for rough turbulent flow (unitless), g is the acceleration
of gravity (m/s2), D50 is the representative grain size (m), ρ represents density of the material
and density of the water (kg/m3), ϕ is the friction angle of the material in degrees (~42°), and α
is the angle of the embankment slope from the horizontal in degrees. Note that Cs is applied in
all equations tested to account for the non-uniformity of the material gradation, discussed
further in Section 3.2.5.
3.2.2 USBR riprap design
Frizell et al. (1998) present the USBR riprap design methodology, which has been tested for
slopes up to 50%. For slopes steeper than 25%, flow is recommended to be encapsulated within
a layer of riprap that is twice the thickness of the representative grain size (i.e, D50). In the
design procedure, the discharge is known and the D50 (and subsequent material thickness) is
iteratively increased until flow is contained within the riprap layer. For the dam studied here,
the rockfill material D50 is predetermined such that the iterative process was reworked to
calculate the critical discharge resulting in initiation of movement of the rockfill:
1.11

Cs ⋅�(2.65 cos α -1)(cos α⋅ tan ϕ - sin α)�
q= �
0.48⋅s0-0.75 ⋅(sin α)1.11

vavg = 2.48⋅s00.58 ⋅Cu-0.22 �g∙D50 ⋅np
4

D50

�

1�
0.52

(3)
(4)
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yavg =

q

(5)

vavg

where q represents unit discharge (m3/s/m), Cs is a stability coefficient (assumed = 0.8 for this
analysis), α is the slope angle in degrees, ϕ is the friction angle in degrees, D50 is the median
grain size (m), s0 is the embankment slope (m/m), vavg is the average velocity (m/s) through the
material voids, Cu is the coefficient of uniformity for the rockfill (m/m), g is the acceleration of
gravity (m/s2), np is the porosity of the material, and yavg is the average flow depth (thickness)
through the material (m). The discharge is decreased incrementally until the flow depth meets
the flow-through conditions. Once the critical discharge was determined, a critical shear stress
τc (N/m2) could be found by calculating an equivalent normal depth of flow (assuming all flow
travels on top of the rockfill):
yn = �

q⋅n

3�
5

�
�s0
τc = ρw ⋅g⋅yn ⋅ sin α

(6)
(7)

where yn represents the normal depth that flow would reach (m) assuming an infinite slope, ρw
is the density of water (kg/m3) and n represents the Manning’s roughness coefficient for the
rockfill. Flow on steeper embankment slopes has been noted to reach normal depth relatively
quickly, such that this method was assumed to be representative (Robinson et al. 1998).
3.2.3 Robinson riprap design
Robinson et al. (1998) present a riprap design for use on steep slopes up to 40%. Similar to
the USBR methodology, a critical unit discharge for granular rockfill material could be
estimated:
q = 8.07⋅10-6 ⋅(D50 ⋅Cs )1.89 ⋅ s0-0.58

(8)

where q is the highest stable unit discharge (m3/s/m), D50 is the median particle size (mm), Cs
is the stability coefficient, and s0 is the slope angle in decimal form (m/m). Equation 6 and
Equation 7 were then used to find the critical shear stress from the unit discharge.
3.2.4 Abt & Johnson Riprap Design
The last method explored to estimate critical shear stress was the Abt & Johnson riprap
design (1991) which was tested on slopes up to 20%. Their design equation was modified to
represent incipient motion of the material which they noted occurred at 74% of the failure
discharge. The critical discharge is then given by:
D50 ⋅Cs
q =0.74⋅ �
�
5.23⋅s00.43

1�
0.56

(9)

where q is the unit discharge (ft3/s/ft), D50 is the median particle size (in), Cs is the stability
coefficient, and s0 is the slope angle in decimal form (ft/ft). Equation 6 and Equation 7 were
then used to find the critical shear stress from the unit discharge.
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3.2.5 Coefficient of Uniformity, Cu
Material properties of the hand-placed and loose rockfill at the dam are not well defined.
Actual grainsize distributions were not recorded at the time of construction and the materials
have not been subsequently sampled to be tested. We were provided with estimations of both
rockfill based on indirect anecdotal evidence from construction of the dam and the visible
rockfill on the surface of the embankment. Gradation of material can be characterized by the
median grain diameter D50 and the coefficient of uniformity Cu, which represents the ratio
between the D60 and D10 grain sizes. For the loose rockfill, the D50 was estimated to be 8" (200
mm) with a Cu of 16. For the hand-placed rockfill, the D50 is 4" (100 mm) with a Cu of 59.
Given the large range of grain sizes dictated by Cu, it is assumed that the voids between rockfill
particles are largely filled and that flow remains predominantly above the surface of the dam.
The influence of material gradation (as quantified by Cu) on the critical threshold for particle
motion has been noted in some of the riprap design studies (e.g. Frizell et al. 1998). Typical
values of Cu for tested riprap material varied from 1.5 to 6. As the material gradation become
more non-uniform (beyond Cu ~ 2), the critical threshold for motion decreases. This has been
represented by a stability coefficient, Cs, which appears to approach 0.8 as Cu increases (Figure
3). Although, values of Cu for the rockfill are significantly greater than those tested in the riprap
studies, we applied a Cs of 0.8 to account for the non-uniformity of the embankment material.

Figure 3. Coefficient of stability with varying coefficients of uniformity (Wittler & Abt, 1990).

3.2.6 Comparison of the Methods
To compare the different methods, the stable embankment slope angle at different
overtopping heads was calculated. The stable slopes were determined through reduction of the
slope until the shear stress applied by the specified overtopping depths would not exceed the
calculated critical shear stresses from the different equations (Figure 4).
The Hc values in Figure 4 represent the overtopping head at which the slope begins to erode.
The Robinson et al. (1998) and Abt & Johnson (1991) riprap design methods yield significantly
higher resistance to erosion at steeper slopes than is seen in either the Rousar et al. (2016) or
the USBR (Frizell 1998) methodologies. The Robinson et al. and Abt & Johnson results indicate
that rockfill at the downstream slope (α = 39˚) would be stable for an overtopping head up to
6
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about 7" (Figure 4). In contrast, the Rousar et al. and USBR methodologies indicate that
overtopping heads of approximately 0.2" to 0.3" would be sufficient to initiate motion of the
downstream rockfill at the downstream slope. For the larger overtopping heads approaching
25" the Rousar et al. methodology appears to generally predict lower Hc values than the other
methodologies, with the USBR and the Abt & Johnson approaches showing closest agreement.
For the current study, we adopted the USBR riprap methodology for estimating the critical
threshold for incipient motion of the rockfill. Given that the current downstream embankment
slope (39°) is close to the friction angle of the material (42°), we believe that the lower Hc value
yielded from the USBR methodology would be more representative of when the rockfill would
begin to erode than the other methods that suggest higher stable overtopping flows. While our
overtopping analysis doesn’t explicitly account for flow infiltration into the rockfill, the USBR
methodology does incorporate flow through the rockfill in determination of the critical
conditions causing instability, which makes the USBR methodology more reflective of actual
overtopping conditions than the Rousar et al. methodology.

Figure 4. Stable slopes for the different critical shear stress calculations for a range of over topping
heads. Hc values refer to the overtopping head at which the downstream rockfill slope begins to erode.

4 COMPARISON OF EROSION PROGRESSION MODELS
There are two different stages during breach of an embankment dam when subject to
overtopping: (1) initiation, and (2) formation. Breach initiation is characterized as the
retrogressive progression of erosion that occurs as the downstream embankment is eroded,
though outflow continues to be controlled at the dam crest. During the breach formation phase,
the dam crest is progressively eroded, which results in uncontrolled release from the reservoir.
For this study, overtopping analyses focused on the initiation phase leading to the point of
failure of the upstream concrete slab. This phase involves the regressive upstream erosion of
the embankment and downcutting of the rockfill that supports the upstream concrete face until
collapse (failure) of the slab occurs.
Currently, no standard model exists to evaluate the breach initiation phase of cohesionless,
7
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rockfill materials, which are dominated by surficial erosion processes. There are models for
breach initiation in cohesive fine soils that fail through head-cut erosion such as the WinDAM
C model (USDA 2016); however, initial testing indicated that this approach was not suitable
for our overtopping analysis.
Laboratory breach experiments on cohesionless materials have shown a range of erosion
responses from a flattening (reducing) of the downstream embankment slope with the dam toe
remaining approximately stationary (Toledo et al. 2015), to a parallel retreat in downstream
slope (Wahl 2017), to a steepening of the downstream slope (Morris 2017). A systematic
evaluation of variables resulting in these behaviors has not been performed such that it is
uncertain which is process is dominant.
Accordingly, we initially evaluated multiple models to simulate erosion progression within
the rockfill material at the dam of interest. This involved development of two analytical models
and application of an existing numerical model. Erosion was modeled using the excess shear
stress model for all analyses. For these simulations, undercutting of the concrete slab was
equated to the vertical depth eroded below the upstream vertex of the dam crest. This allowed
for direct comparison between the three models.
4.1 Analytical – reducing slope model
The reducing slope model (Figure 5) incrementally reduces the downstream embankment
slope as erosion occurs (similar to observations shown in laboratory settings (e.g. Toledo et al.
2015). Once the embankment slope erodes back to the parapet wall, it is assumed to down-cut
vertically (along the vertical black line shown in Figure 5) as presence of the parapet wall
controlling flow over the crest limits the potential for significant erosive undercutting of the
slab. In doing so, a triangular section of material remains (the hatched section in Figure 5), but
is likely to slump into the eroded slope below or provide very little support strength for the
concrete slab. Once the vertical distance from the top of the parapet wall to the top of the eroded
slope (He) is greater than the failure criteria defining collapse of the concrete slab, the dam is
considered to have failed. No additional modeling beyond breach initiation is performed (i.e.,
breach formation is not modeled).

Figure 5. Schematic showing the progression of failure with the reducing slope model.
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The portions of the given hydrographs during which overtopping occurs were input into the
model based on the various outflow scenarios. At each time step, the unit discharge of flow
overtopping the crest was determined. The corresponding normal flow depth (Equation 5) and
applied shear stress (Equation 6) were then estimated based on the transient downstream
embankment slope. The applied shear stress was compared to the critical shear stress of the
rockfill material (based on the USBR methodology outlined above). If the critical shear stress
was exceeded, the unit volume of material eroded during that timestep was estimated by treating
the erosion rate in Equation 1 as the depth eroded perpendicular to the slope. The erosion rate
was then multiplied by the length of the slope to find the unit volume eroded at each specific
time step. This volume was used to determine the reduction in slope angle (based on geometry
shown in Figure 5) to be used for the next hydrograph timestep.
As the slope is reduced, the critical shear stress of the rockfill material increases which
provides a beneficial stabilizing effect. A key difference from observed behavior (Toledo et al.
2015) and the analytical model is that in the physical tests, deposition of eroded material occurs
beyond the dam toe and creates a wider base footprint while also reducing the overall
embankment slope. In the analytical model, deposition of eroded material is not considered and
a constant dam base width is maintained.
4.2 Analytical – parallel slope model
In addition to the reducing slope model, a parallel eroding slope model was developed. In
the parallel slope model, the downstream embankment slope angle remains constant as erosion
progresses upstream (Figure 6).
A similar procedure for simulating erosion as in the reducing slope model is implemented
for the parallel slope model which bases the overtopping erosive capacity on the normal flow
depth (and associated shear stress) occurring on the downstream embankment slope. Similar to
the reducing slope model, the critical shear stress of the rockfill material was based on the
USBR methodology outlined above. The model is stopped when the eroded height (He) exceeds
the exposure criteria set for failure of the upstream concrete slab (defined in a separate analysis
not included in this paper) or when the overtopping hydrograph is complete.

Figure 6. Schematic showing the progression of failure with the parallel slope model.
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4.3 Numerical – EMBREA
EMBREA is a physically-based numerical model developed by HR Wallingford (n.d.) for
simulating embankment erosion and breach. EMBREA is unique in comparison to other
embankment breach software (e.g., WinDAM C) in that EMBREA has the ability to simulate
both head-cut erosion and surficial erosion (although not concurrently). Surfacial erosion is
characteristic for cohesionless materials, such that EMBREA could potentially simulate erosion
of the rockfill material at the studied dam. The model output is shown in Figure 7.

Figure 7. Screenshot showing the progression of erosion with the EMBREA model.

Similar to the analytical models, the portion of the hydrograph during which overtopping
occurs is input into the software. The embankment geometry, however, is discretized into
sections, such that an unsteady flow profile over the embankment is numerically determined.
This provides a greater level of detail of the flow erosive capacity along the embankment
compared to the analytical models (which are based solely on the normal flow depth on the
downstream embankment slope).
Erosion simulation in EMBREA at each time step is based on the excess shear stress equation
as modeled by Chen & Anderson (1986) for non-cohesive sediments (which specifically utilizes
an exponent value of a = 1.3 in Equation 1). As erosion progresses, the embankment geometry
can evolve into more complex configurations than permitted by the analytical models.
Additionally, EMBREA can simulate the lateral widening of the breach which is also not
currently feasible with the analytical models.
Despite more detailed simulation of the erosion process, EMBREA had several
shortcomings, which ultimately limited its applicability for the dam of interest. These are
discussed below.
• Embankment geometry was limited to a trapezoid shape which precluded inclusion of
the parapet wall and impinging jet flow (as discussed in the following section). An
additional 1.5 ft (0.5 m) was added to the height of the crest in the model to account
for the parapet wall.
• The upstream concrete slab could not be explicitly modeled, however an impermeable
‘core’ of infinite strength could be utilized and translated to the upstream side of the
embankment. This was necessary to prevent down-cutting of the crest once erosion
progress to the upstream end of the crest.
• The critical shear stress of the material is calculated internally based on the rockfill
D50 such that any reduction or increase in material erosion resistance due to the
changing embankment slope is not accounted for.
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Probabilistic analysis incorporating all parameters of interest was not feasible (e.g.
detachment rate, exponent from Equation 1). Additionally, run times for each
simulation were relatively long, limiting quantities of runs necessary to fully define
failure probability.
• Some of the estimated rockfill material property values (e.g. friction angle and lack of
cohesion) were not within the range of EMBREA’s capabilities. As such, we chose
the closest allowable values to run simulations.
Similar to the analytical models, the height from the dam crest to the top of the eroded
embankment (He) was determined at the end of each run and compared with the concrete slab
failure criteria to determine if breakage of the slab could occur.
•

4.4 Deterministic comparison (all models, typical section)
Initially, a comparison was made between the three dam overtopping models (analytical
reducing slope model, analytical parallel slope model, and numerical EMBREA model) for the
typical embankment section, and assuming no jet impingement due to flow over the parapet
wall (as EMBREA could not simulate jet flow). The results are shown in Table 1, the degrees
of erosion given by:
• White: No or insignificant erosion
• Light grey: Erosion occurs, but slab is not exposed
• Dark grey: Erosion occurs, and slab is exposed
• Black: Erosion occurs, slab is exposed, and slab breaks
Table 1. Deterministic comparison between all models run for the typical embankment section with
no impinging jet.

Model Run

Storm
Duration Exceedance
Probability

90%
50%
10%
90%
Parallel Slope –
50%
No Jet
10%
90%
EMBREA – No Jet 50%
10%

Initial Concrete Slab Failure
Local Storm
General Storm
(Peak Overtopping Height)
(Peak Overtopping Height)
0”-2” 2”-4” 5”-7” 11”-13” 0”-2” 2”-4” 5”-7” 11”-13”
0-0.8 0.8-1.6 2-2.8 4.3-5.1 0-0.8 0.8-1.6 2-2.8 4.3-5.1
cm
cm
cm
cm
cm
cm
cm
cm

Reducing Slope –
No Jet

In general, the three models yielded similar results indicating that initial failure of the dam
was likely to occur when the peak overtopping height is 5" to 7" (2 to 2.8 cm) and greater.
Furthermore, longer duration storm events resulted in greater degrees of erosion as more time
was available to progress erosion on the embankment. Given the relatively short time for initial
failure to occur, however, the results between the general and local storm conditions were not
significantly different.
Comparison of the analytical solutions for parallel slope and reducing slope without jet
impingement shows that the reducing slope yields a more conservative approach, as the parallel
slope erosion mechanism was the only test that did not result in failure for the 5" to 7" (2 to 2.8
11
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cm) overtopping condition. Although neither model considers the transport of sediment beyond
the embankment, we consider the reducing slope model to be more representative of actual
conditions as sediment from the slope is likely to be deposited downstream resulting in an
effective shallowing of the embankment slope.
While the numerical EMBREA model gave similar results to the two analytical models interms of conditions leading to initial slab failure, the drastic change from no significant erosion
at the 0” to 2” (0 to 0.8 cm) and 2” to 4” (0.8 to 1.6 cm) overtopping conditions to sudden failure
at the 5” to 7” (2 to 2.8 cm) condition did not seem reasonable. We anticipate that a more
gradual change in the degree of erosion would be observed (similar to the analytical models).
This behavior can likely be attributed to several of the shortcomings associated with the
EMBREA model. Accordingly, we did not consider the EMBREA model for further analysis
beyond this initial comparison.
Ultimately, the analytical model for the reducing slope erosion progression was selected
because it accounted for progressive shallowing of the downstream slope and matched
laboratory results involving an upstream impermeable face (Toledo et al. 2015). As such, the
reducing slope model was used as a base for adding jet impingement flow over the parapet wall.
4.5 Jet impingement scour
The presence of the parapet wall on upstream side of the dam crest creates potential for an
impinging jet onto the top of the embankment as flow overtops the wall (Figure 8). This adds
additional complexity to evaluating erosion progression on the downstream slope of the dam.
Jet flow (and associated scour at the location of jet impingement) was incorporated to the breach
analysis using the empirical equation given in Mason & Arumugam (1985):
d = �6.42 - 3.1 z

0.1

�

q0.6 -

z�
z
300 ⋅z 0.15 + �200 ⋅H 0.15
0.1
g 0.3 ⋅D50

–H

(10)

where d is the erosion depth below the crest of the dam (ft), q is the unit discharge (ft3/s/ft), H
is the overtopping height (ft), and z is the difference in water heights above the parapet wall and
above the crest (ft) (Figure 8). The local scour depth below the eroded embankment surface
(estimated from the analytical model) was calculated for each time step in the hydrograph,
though the time component was not incorporated into the analysis. The total scour depth
(surficial erosion and local jet scour) was used to determine He (Figure 8).

Figure 8. Jet impingement over parapet wall, applied to reducing slope model.
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5 CASE STUDY RESULTS
5.1 Final deterministic and probabilistic analyses
Probabilistic analyses were performed using Monte Carlo simulation, in which the key
parameters used to calculate critical and applied shear stress were varied. Probability
distributions for these parameters were defined for these parameters using a beta distribution
around median values from the deterministic analysis. The ranges of values used for the
parameters were estimated based on available data or values found in literature. The
deterministic and probabilistic results for these are summarized in Table 2. The probabilities
shown represent the likelihood of an initial collapse of the upstream concrete slab due to erosion
for a given storm event.
Probabilistic results generally agreed well with deterministic results (based on best-estimate
parameters), with estimates for deterministic slab failure corresponding to slab failure
probabilities greater than approximately 40%. As with the deterministic results, the
probabilities between corresponding general and local storm conditions were not significantly
different.
Table 2. Probabilistic results for the typical section. (The colors represent the deterministic results).

Model Run

Storm Duration
Exceedance Probability

Initial Concrete Slab Failure
Local Storm
General Storm
(Peak Overtopping Height)
(Peak Overtopping Height)
2”-4” 5”-7” 11”-13”
2”-4” 5”-7” 11”-13”
0”-2”
0”-2”

0-0.8 cm

Reducing
Slope

90%
50%
10%

0.8-1.6
cm

<0.01% <0.01%
<0.01% <0.01%
<0.01% <0.01%

2-2.8
cm

41%
51%
61%

4.3-5.1
0.8-1.6
0-0.8 cm
cm
cm

96% <0.01%
98% <0.01%
100% <0.01%

0.2%
1%
54%

2-2.8
cm

41%
51%
61%

4.3-5.1
cm

96%
98%
100%

For the typical embankment section, the probability for an initial failure of the concrete slab
due to erosion of the rockfill embankment increased significantly when the peak overtopping
height reaches between 5” to 7” (and higher). Conditions when the storm duration was longer
(i.e., general storm with 10% duration exceedance probability) resulted in a higher failure
probability at lower overtopping heights (2” to 4”).

Figure 9. Time to failure (resulting in initial breach of the dam) for the reducing slope model from the
start of overtopping. (a) Local Storm. (b) General Storm. The Groin Section depicted with the Typical
Section was part of a separate analysis not discussed in this paper.
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5.2 Time to Failure
The time to initial concrete slab failure from the onset of overtopping was plotted for the
deterministic models for both the general and local storm conditions (Figure 9). Failure time
showed a strong reliance on overtopping height, as higher peak overtopping heights resulted
in lower time to slab failure.
In all cases, the failure times ranged between 0.25 and 3 hours (0.25 and 2 hours for local
storms and between 0.5 and 3 hours for general storms). Because the general storm is drawnout compared to the local storm, it follows that the failure times are slightly longer given the
hydrograph has longer ramp-up and ramp-down periods. The times of failure from the analyses
show a reasonable match with values found in the literature for overtopping rockfill dams,
which typically span from 0.25 to 2.5 hours (Singh 1996; Froehlich 1995; Xu & Zhang 2009;
Wahl 2014).
6 SUMMARY & CONCLUSIONS
Several methods for estimating erosion progression within a rockfill embankment dam were
tested as part of an overtopping erosion analysis for the dam. Sediment transport equations
(Shields 1936; Rousar 2016) and riprap design equations (Frizell et al. 1998; Robinson et al.
1998; Abt & Johnson 1991) were compared to find the most appropriate method for calculating
the critical shear stress of the rockfill. The critical shear stress of the rockfill would be compared
with the shear stress imparted by the overtopping flow, as dictated by 24 ‘characteristic’ stage
hydrographs, using the excess shear stress model (Hanson et al. 2011). Ultimately, based on
comparison of the stable overtopping heads and similarity between the downstream slope and
rockfill friction angle, the USBR riprap design method was deemed most representative.
Erosion progression was modeled using several different methods to evaluate the most
appropriate method for sediment loss during an overtopping event. These methods included two
analytical models, which included a reducing slope model and a parallel slope model, and one
numerical model using EMBREA. The reducing slope model was determined to be the most
representative, matching lab tests with an upstream impermeable boundary (Toledo et al. 2015)
and providing the most conservative results of the models tested. Jet scour over the upstream
parapet wall was then included within the model.
Deterministic and probabilistic results show that dam failure is likely when the overtopping
height above the dam crest reaches above 5 to 7” (2 to 2.8 cm). Probability of failure also
increases with increasing overtopping duration. Time to failure analyses based on the storm
hydrographs align well with observed times to failure recorded in literature, implying that our
analyses are fairly representative of rockfill dam behavior. It should be noted that after this
study was performed, several more studies were published on the subject (e.g. Moran et al.
2019; Monteiro-Alves et al. 2019; Monteiro-Alves et al. 2022).
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